Introduction {#Sec1}
============

In the cancer moonshot strategy, more insight into the mechanisms regulating immune homeostasis in health and disease has been required to develop new immunotherapies^[@CR1]^. However, there are several concerns regarding the control of immune reactions to treat malignancies. The most popular example may be the recent use of anti-CTLA-4 and anti-PD-1/PD-L1 antibodies as immune checkpoint blockades. Although these treatments can induce significant anti-tumor effects by enhancing immune reactions, unique adverse effects involving the development of autoimmune diseases such as arthritis, dermatitis, colitis, pneumonitis, hepatitis and hypophysitis have been simultaneously observed^[@CR2]^. Thus, the cross-disciplinary study of malignancy and autoimmune disease has become very important.

Steroids are commonly used in the treatment of lymphoid malignancies (leukemia and lymphoma) and autoimmune diseases. Although steroids are major physiological regulators of the immune system and provide substantial clinical benefits, they affect homeostasis in the whole body. Several adverse effects such as neuropsychological impairment, metabolic disturbance or secondary osteoporosis can lead to the discontinuation of the treatment^[@CR3]^. Steroid resistance is another important component in the clinical management of patients with lymphoid malignancies and autoimmune diseases^[@CR4]--[@CR6]^. Novel immunoregulatory treatments that serve as an alternative to steroids or are able to overcome steroid-resistance have been strongly desired.

Intriguingly, excessive IL-7/IL-7R signaling, which otherwise regulates lymphopoiesis and promotes B- and T-cell proliferation and survival^[@CR7]^, has recently been shown to contribute to the progression of lymphoid malignancies^[@CR8],\ [@CR9]^. Physiologically, IL-7/IL-7R signaling plays a key role in the development and remodeling of lymph nodes (LNs)^[@CR10],\ [@CR11]^. While blocking this signaling causes severe lymphopenia^[@CR12]--[@CR14]^, a gain-of-function mutation in IL-7R has been shown to act as an oncogene in approximately 10% of T-cell acute lymphoblastic leukemias (ALLs) and 1% of B-cell ALLs^[@CR8],\ [@CR15]^. Several authors have also reported that IL-7R expression in lung, breast or prostate cancer cells is associated with tumor aggressiveness, lymphovascular invasion and lymphangiogenesis^[@CR16]--[@CR18]^. Therefore, IL-7R targeting might provide a new paradigm for the development of novel therapies to treat both lymphoid malignancies and metastatic solid tumors.

IL-7/IL-7R signaling also physiologically regulates the selection of antigen-reactive T cells^[@CR19]--[@CR21]^. Therefore, aberrant IL-7/IL-7R signaling has been implicated in the pathogenesis of various autoimmune or inflammatory diseases such as multiple sclerosis, type 1 diabetes mellitus, rheumatoid arthritis and ulcerative colitis^[@CR8],\ [@CR22]--[@CR25]^. Moreover, anti-IL-7R-neutralizing monoclonal antibodies (mAbs) have been shown to be effective in preclinical studies of autoimmune diseases^[@CR23],\ [@CR24],\ [@CR26]^. Thus, IL-7R targeting, perhaps through mAbs, might be a means of treating both lymphoid malignancies and autoimmune diseases. However, there is no clear evidence as yet of an anti-tumor effect of such mAbs against lymphoid malignancies or solid tumors, and ligand-independent constitutive IL-7R signaling or autoactivation of downstream pathways may abrogate any antibody-dependent neutralizing effect. In addition, the efficacy of an anti-IL-7R neutralizing mAb was insufficient to control the inflammation of autoimmune arthritis in mice^[@CR26]^. To overcome these drawbacks, a new approach is required.

Antibody-drug conjugates (ADCs) are next-generation antibody therapeutics that have shown strong anti-tumor effects against metastatic or remnant refractory cancers^[@CR27]^. These compounds deliver highly toxic anticancer agents (ACAs) to and selectively eliminate tumor cells^[@CR27]^, as demonstrated by an anti-HER2 ADC that was effective against target cells, even when patients had therapeutic resistance against anti-HER2 antibodies^[@CR28]^. Thus, we hypothesized that ADCs targeting IL-7R would be effective against lymphoid malignancies, even if IL-7R signaling was disrupted by ligand independence or autoactivation of downstream signaling pathways.

We observed IL-7R expression in both malignant lymphoid cells and metastatic solid tumor cells and found that abrogation of this expression reduced tumor aggressiveness. IL-7R-dependent steroid-resistance was also observed, but only in malignant lymphoid cells. This resistance did not appear to be dependent on the NR3C1 steroid receptor, BCL2, or the JAK/STAT or PI3K/AKT pathway, nor did our data support a role for NF-κB activation in promoting IL-7R-dependent steroid-resistance. Furthermore, IL-7R-positive bone marrow B cells and splenic T cells were resistant to steroid therapy *in vivo*. In the context of autoimmune disease, IL-7R^high^-positive lymphocytes were increased at sites of uncontrolled inflammation in a collagen antibody-induced arthritis (CAIA) mouse model. Having confirmed a relationship between IL-7R signaling and steroid-resistance, we developed an anti-IL-7R antibody ADC (A7R-ADC). This ADC showed significant anti-tumor and anti-inflammatory effects against both lymphoid malignancy and autoimmune arthritis and was able to target both steroid-sensitive and steroid-resistant cells. Thus, A7R-ADC may be a novel, promising alternative to current treatments for these diseases.

Results {#Sec2}
=======

IL-7R signaling promotes tumor aggressiveness in both malignant lymphoid and metastatic solid tumor cells {#Sec3}
---------------------------------------------------------------------------------------------------------

To establish whether IL-7R might be a useful target for treating lymphoid malignancies, we first needed to confirm the involvement of this receptor. For the functional analysis of IL-7R-positive cells, we screened cell lines using a gene expression database ([www.oncomine.org](http://www.oncomine.org)). We found that IL-7R was expressed not only malignant lymphoid cells but also in metastatic solid tumor cell lines (Fig. [1a](#Fig1){ref-type="fig"}).Figure 1IL-7R knockdown (KD) attenuated cell growth, survival and lymph node (LN) infiltration activity. (**a**) IL-7R expression levels in candidate IL-7R-positive cell lines as analyzed by flow cytometry of antibody-labeled cells. Black, isotype control antibody; red, IL-7R expression. (**b**) Quantitative RT-PCR analysis of IL-7R expression in IL-7R-KD SupT1, NALM6, CYG82, H2009 or PK45H cells compared with the control (CTR) cells (GFP-KD or NS-KD, for the corresponding cell line, as described in materials and methods). NS, non-specific shRNA. Each bar represents the mean ± SD (n = 3). \*P \< 0.05, \*\*P \< 0.01. (**c**) Cell proliferation kinetics of IL-7R-KD and CTR cells. Each bar represents the mean ± SD (n = 3). \*\*\*P \< 0.001. (**d**) Tumor progression in the xenograft model of IL-7R-KD and CTR cells in mice, as determined by quantification of tumor volume (mm^3^). Each bar represents the mean ± SD (n = 5). \*\*P \< 0.01, \*\*\*P \< 0.001. (**e**) Optical microscopy of IL-7R-KD and CTR PK45H cells. White arrowheads indicate the emergence of dead-cell debris. (**f**) LN infiltration activity of IL-7R-KD and CTR CYG82 cells inoculated into the forelimb palmar pads of mice in a separate group (n = 5) was examined. Massive LN swelling (surrounded by the green dotted line) was observed in mice inoculated with the CTR cells. LN volume was compared between mice inoculated with IL-7R-KD cells and those inoculated with CTR cells. Each bar represents the mean ± SD. \*\*\*P \< 0.001.

To address the biological significance of IL-7R in malignant lymphoid and solid metastatic tumor cells, this gene was knocked down in human T cell lymphoma (SupT1), human B cell leukemia (NALM6), mouse B cell leukemia (CYG82), human metastatic lung cancer (H2009) and human metastatic pancreatic cancer (PK45H) cell lines. IL-7R expression levels were evaluated by quantitative RT-PCR to confirm efficient knockdown (Fig. [1b](#Fig1){ref-type="fig"}). Knockdown of IL-7R attenuated both cell growth kinetics *in vitro* (Fig. [1c](#Fig1){ref-type="fig"}) and tumor growth in mice (upon subcutaneous injection, for four of the five cell lines; Fig. [1d](#Fig1){ref-type="fig"}) relative to control cells. A fifth cell line, PK45H, did not form tumors in mice, and cultured IL-7R-knockdown (IL-7R-KD) PK45H cells showed a substantial proportion of dead cells and cellular debris, which indicated that in these cells, abrogation of IL-7R signaling strongly affected cell survival (Fig. [1e](#Fig1){ref-type="fig"}). Furthermore, in a model of LN infiltration in which CYG82 cells were inoculated into the foot pads of mice, significantly decreased LN infiltration by IL-7R-KD CYG82 cells was observed compared to the control cells (Fig. [1f](#Fig1){ref-type="fig"}). Thus, IL-7R signaling promotes survival and tumor aggressiveness of both malignant lymphoid and metastatic solid tumor cells.

IL-7R-dependent steroid-resistance occurs in malignant lymphoid cells {#Sec4}
---------------------------------------------------------------------

As steroid-resistance is the main cause of therapeutic resistance in lymphoid malignancies^[@CR4]--[@CR6],\ [@CR29]^, we determined the IC~50~ values of the corticosteroid dexamethasone (DEX) for each of the cell lines and examined how these values were affected by IL-7R knockdown. All three IL-7R-KD malignant lymphoid cell lines showed significantly higher DEX sensitivity than the control cells, though no effect on steroid sensitivity was observed for either of the two metastatic solid tumor cell lines (Fig. [2a](#Fig2){ref-type="fig"}).Figure 2IL-7R KD increased steroid sensitivity in malignant lymphoid cells but not in solid tumor cells. (**a**) IC~50~ values of DEX in IL-7R- KD SupT1, NALM6, CYG82, H2009 or PK45H cells compared with the CTR (GFP-KD or NS-KD) cells. NS, non-specific shRNA; IC~50~, half-maximal inhibitory drug concentration. Each bar represents the mean ± SD (n = 3). \*P \< 0.05, \*\*P \< 0.01. (**b**) NR3C1 expression, as measured by quantitative RT-PCR, was evaluated between IL-7R-KD and CTR cells (left) or between IL-7-dependent RAG2−/− cells with IL-7 (+) and without IL-7 (−) (right). Each bar represents the mean ± SD (n = 3). \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. (**c**) BCL2 expression, as measured by quantitative RT-PCR, was evaluated between IL-7R-KD and CTR cells (left) or between IL-7-dependent RAG2−/− cells with IL-7 (+) or without IL-7 (−) (right). ND, not detected. Each bar represents the mean ± SD (n = 3). \*\*P \< 0.01. (**d**) Comparison of STAT5 (upper) or AKT (lower) phosphorylation levels between IL-7R-KD and CTR cells (left) or between IL-7-dependent RAG2−/− cells with IL-7 (+) or without IL-7 (−) (right) evaluated by flow cytometric analysis of anti-phospho-STAT5 (αP-STAT5)- or anti-phospho-AKT (αP-AKT)-labeled cells. An isotype control antibody (αControl) was used as a negative CTR. (**e**) NF-κB phosphorylation (red) and DAPI (nucleus, blue) immunostaining was compared between IL-7R- KD cells and CTR cells (left) or between IL-7-dependent RAG2−/− cells with IL-7 (+) or without IL-7 (−) (right). Bar, 10 μm.

To investigate the potential mechanisms involved in the observed IL-7R-dependent steroid-resistance, we examined the gene expression levels of the steroid receptor NR3C1 and the anti-apoptotic regulator BCL2. The signal intensity of phospho-STAT5 and phospho-AKT, indicating JAK/STAT and PI3K/AKT pathway activation, respectively, were also evaluated. These pathways have previously been associated with steroid-resistance^[@CR5],\ [@CR6]^. Unexpectedly, NR3C1 expression was increased in SupT1 malignant lymphoid cells upon knockdown of IL-7R, but no differences were observed between control and IL-7R-KD NALM6 and CYG82 malignant lymphoid cells (Fig. [2b](#Fig2){ref-type="fig"}). IL-7R knockdown did not suppress BCL2 (Fig. [2c](#Fig2){ref-type="fig"}), phospho-STAT5 or phospho-AKT (Fig. [2d](#Fig2){ref-type="fig"}) expression in these cell lines. Although NR3C1 expression was significantly increased in BCL2-negative H2009 cells upon IL-7R knockdown (Fig. [2b](#Fig2){ref-type="fig"}), the sensitivity of these cells to DEX treatment was unchanged (Fig. [2a](#Fig2){ref-type="fig"}). Despite the suppression of BCL2 expression upon IL-7R knockdown in PK45H cells (Fig. [2c](#Fig2){ref-type="fig"}), there was also no effect on DEX sensitivity. Taken together, these data suggest that the IL-7R-dependent steroid-resistance observed in the malignant lymphoid cell lines was independent of NR3C1, BCL2, JAK/STAT and PI3K/AKT signaling. By contrast, in IL-7-dependent RAG2−/− pro-B cells^[@CR30]--[@CR32]^, NR3C1 was up-regulated and other molecules were down-regulated in the absence of IL-7 (Fig. [2b,d](#Fig2){ref-type="fig"}). Although these genes were activated physiologically in RAG2−/− cells by the IL-7 ligand binding to IL-7R, they were ligand independent or autoactivated in both malignant lymphoid and metastatic solid tumor cells.

As NF-κB is thought to act downstream of IL-7R, we next analyzed whether this pathway was involved in IL-7R-dependent resistance to DEX treatment by comparing the levels of nuclear phospho-p65/NF-κB between IL-7R-KD and control cells or between RAG2−/− cells with and without IL-7. In all cases, the levels of nuclear phospho-p65/NF-κB were positively correlated with IL-7R signaling activation (Fig. [2e](#Fig2){ref-type="fig"}). In IL-7R-KD metastatic solid tumor cells in particular, the level of cytoplasmic phospho-p65/NF-κB was substantially increased, thus indicating NF-κB pathway suppression (Fig. [2e](#Fig2){ref-type="fig"}). Nevertheless, DEX sensitivity was not affected in these IL-7R-KD cells. These results suggest that NF-κB activation downstream of IL-7R signaling might promote tumor growth rather than DEX resistance. Overall, our data suggest that IL-7R signaling contributes to steroid-resistance independent of NR3C1, BCL2, JAK/STAT, PI3K/AKT or NF-κB.

Preparation and characterization of an anti-IL-7R antibody-drug conjugate (A7R-ADC) {#Sec5}
-----------------------------------------------------------------------------------

As IL-7R expression and signaling influenced tumor growth and resistance to steroids, we hypothesized that a therapy targeting IL-7R might be effective against such refractory malignant cells. First, we evaluated the cytotoxic activity of an anti-mouse IL-7R neutralizing antibody (clone A7R34; A7R)^[@CR12],\ [@CR14]^ against IL-7-independent mouse leukemia CYG82 cells. A7R showed a significant cytotoxic effect against IL-7-dependent pro-B cell RAG2−/− cells, but not CYG82 cells (Fig. [3a](#Fig3){ref-type="fig"}). Next, we used ADC technology to determine whether using A7R to deliver a cytotoxic agent, or payload, to target cells could result in a more selective and efficient elimination of these cells than that achieved by monotherapy with mAb or ACA administration alone. SN-38---an active form of the prodrug CPT-11, which is used to treat many types of cancers (including lymphoid malignancies^[@CR33],\ [@CR34]^)---was selected as the payload for A7R-ADC development. We also developed anti-CD20-ADC connected via specialized linker with a carbamate bond, for use against lymphoid malignancy; we confirmed that the ADC was stable in the blood and that good blood stability and *in vitro* efficient release activity of the linker^[@CR34]^. Therefore, SN-38 was conjugated to A7R via the same carbamate bonding in generating A7R-ADC-SN-38 (Fig. [3b](#Fig3){ref-type="fig"}). First, we determined whether A7R, though not cytotoxic *per se*, would act as an effective payload delivery method in the form of A7R-ADC-SN-38. Upon incubation with CYG82 cells, A7R was internalized efficiently and accumulated within lysosomes (Fig. [3c](#Fig3){ref-type="fig"}). According to our observations, A7R-ADC-SN-38 showed the same strong cytotoxicity as free SN-38 (Fig. [3d](#Fig3){ref-type="fig"}). *In vivo* and *ex vivo* imaging showed A7R accumulation in both primary CYG82 tumor cells and secondary infiltrated LNs in mice (Fig. [3e and f](#Fig3){ref-type="fig"}), which was still observable 7 days after treatment in the case of primary CYG82 tumors (Fig. [3e](#Fig3){ref-type="fig"}). A7R was distributed throughout the entire tumor area, and the ADCs bound to and were internalized by IL-7R-positive CYG82 cells (Fig. [3g](#Fig3){ref-type="fig"}). We also examined the distribution of CPT-11 in the same tumor model. Although strong accumulation was observed at 1 hour after injection, this accumulation rapidly cleared within 24 hours (Fig. [3h](#Fig3){ref-type="fig"}), indicating that A7R, and thus presumably also A7R-ADC-SN-38, persists longer than CPT-11 in CYG82 tumors. These data demonstrate that A7R exhibits favorable properties in terms of internalization, accumulation and duration within cells and tumors to deliver drugs to target cells. In line with this hypothesis, A7R-ADC-SN-38 exhibited a cytotoxic effect that was stronger than that of CPT-11 and equal to that of free SN-38 upon incubation with CYG82 cells *in vitro* (Fig. [3d](#Fig3){ref-type="fig"}). Thus, with the use of ADC technology, A7R, though not cytotoxic *per se*, can deliver cytotoxic agents to efficiently eliminate tumor cells.Figure 3Preparation and characterization of A7R-ADC-SN-38. (**a**) *In vitro* cytotoxic effect of A7R against RAG2−/− or CYG82 cells. (**b**)Drug design of A7R-ADC-SN-38. SN-38 was conjugated to A7R via a carbamate bond (red). CPT-11, as a prodrug of SN-38, was used as a CTR with a carbamate bond (red). Arrows indicate the cleavage site. (**c**)Internalization of fluorescent A7R (red) into CYG82 cells was examined at 10 or 30 minutes (min) after the incubation. A low temperature (cold) incubation at 4 °C, in which the internalization was blocked, was conducted as a CTR. The arrows show merged yellow as co-localization with lysosome (green). Scale bar, 5 μm. (**d**) *In vitro* cytotoxic effect of A7R-ADC-SN-38 in CYG82 cells was compared with that of CPT-11 or free SN-38. (**e**) *In vivo* imaging analysis of CYG82 tumors was conducted using fluorescent A7R on days 1, 3 and 7 after injection. The arrows indicate each tumor position. A fluorescent isotype control antibody was used as a CTR. (**f**) *Ex vivo* imaging of A7R delivery into the tumors, lymph nodes, spleens, bones and livers in mice with CYG82 tumors. (**g**) The intra-CYG82 tumor distribution of fluorescent A7R (red) examined at 24 hours after injection. Immunohistochemistry with cellular IL-7R (green) and DAPI (nucleus, blue). Yellow indicates the overlap of the injected A7R and IL-7R in the tumor cells. A fluorescent isotype control antibody was used as a CTR. Scale bar, 10 μm. (**h**) The intra-CYG82 tumor distribution of CPT-11 (fluorescence of CPT-11, green).

A7R-ADC-SN-38 suppresses primary tumor growth and secondary LN infiltration {#Sec6}
---------------------------------------------------------------------------

Given that A7R-ADC-SN-38 exhibited cytotoxic activity *in vitro*, the anti-tumor activity of A7R-ADC-SN-38 was evaluated *in vivo* using a syngeneic mouse model. To do this, we compared its therapeutic potential with that of steroid treatment, the neutralizing A7R antibody alone, a control ADC-SN-38 conjugate or the prodrug CPT-11. Although treatment with A7R (50 mg/kg) alone did not have a significant effect, CYG82 tumor growth was significantly suppressed after treatment with DEX (10 mg/kg), CPT-11 (20 mg/kg/day; equivalent to an 11.6 mg/kg dose of SN-38), an isotype control ADC (CTR-ADC, 50 mg/kg) with SN-38 or A7R-ADC-SN-38 (50 mg/kg; equivalent to a 0.6 mg/kg dose of SN-38 in both ADCs) compared with saline. Of these treatments, A7R-ADC-SN-38 showed the strongest and most significant anti-tumor effect. Tumor volumes were 779.4 mm^3^, 3542.5 mm^3^ and 4216.8 mm^3^ at day 22 after the administration of A7R-ADC-SN-38, DEX and CPT-11, respectively (Fig. [4a](#Fig4){ref-type="fig"}). Regarding toxicity, there was no clear body weight loss in the mice treated with A7R-ADC-SN-38 and DEX, whereas CPT-11-treated mice showed a 5% decrease in body weight during the treatment (Fig. [4b](#Fig4){ref-type="fig"}).Figure 4Anti-tumor effect of A7R-ADC-SN-38 on the CYG82 tumor model. (**a**) Anti-tumor activities were examined. In animal models of CYG82 cells, an isotype control ADC with SN-38 (CTR-SN-38) or A7R with SN-38 (A7R-SN-38) was administered at a dose equivalent to 0.6 mg/kg of SN-38 to separate groups of mice (n = 5) through intravenous bolus injections on days 0, 4, and 8. CPT-11 at a dose equivalent to 11.6 mg/kg of SN-38, A7R at an equivalent antibody dose of 50 mg/kg, high-dose DEX at 10 mg/kg and saline as a control were also administered on the same schedule as ADCs. The curves illustrate the effects of the treatments on tumor size. P \< 0.05 (CTR-SN-38 vs. A7R). P \< 0.001 (saline vs. CTR-SN-38, CPT-11, DEX or A7R-SN-38; A7R-SN-38 vs. A7R, CTR-SN-38, CPT-11 or DEX; DEX vs. A7R or CTR-SN-38; CPT-11 vs. A7R or CTR-SN-38). Bar = SD. (**b**) The % change in body weight was examined in the same mice (n = 5) with the same treatment shown in (A). Bar = SD. (**c**) *In vitro* cytotoxic effects of A7R-ADC or CPT-11 were examined 72 hours after a short incubation treatment (1 hour). The doses were administered as equivalent amounts to SN-38 doses for the comparison. P \< 0.001 (A7R-ADC \[0.5 μM SN-38\] vs. CPT-11 \[5 μM SN-38\] or CPT-11 \[50 μM SN-38\], or A7R-ADC \[5 μM SN-38\] vs. CPT-11 \[5 μM SN-38\] or CPT-11 \[50 μM SN-38\]). Each bar represents the mean ± SD (n = 6). (**d**) CYG82 xenograft model. Inguinal LNs (surrounded by the green dotted line) and intra-abdominal LNs (surrounded by the yellow dotted lines) were observed. (**e**) Inhibition of LN infiltration was examined in a separate group of mice (n = 3) with the same treatment shown in (A). Each bar represents the mean ± SD. \*P \< 0.05. (**f** and **g**). Plasma concentrations (**f**) or tumor concentrations (**g**) of total (bound and unbound) SN-38 and free (unbound) SN-38 from CPT-11 or A7R-SN-38 were determined using HPLC.

We next evaluated the differences in cytotoxic effects between A7R-ADC-SN-38 and CPT-11 after a short incubation period (1 hour) to mimic the reaction between drugs and malignant cells in the blood stream. A7R-ADC-SN-38 showed a stronger cytotoxic effect than CPT-11 (Fig. [4c](#Fig4){ref-type="fig"}), suggesting that this ADC would also be effective against circulating IL-7R-positive tumor cells. In a CYG82 tumor model, abdominal aggressive LN infiltration from the primary site was observed (Fig. [4d](#Fig4){ref-type="fig"}). No significant decrease in LN size was seen upon treatment with any of the agents except A7R-ADC-SN-38, when compared to the saline control, which effectively reduced LN volume 0.15-fold (Fig. [4e](#Fig4){ref-type="fig"}). In a pharmacokinetic analysis of A7R-ADC-SN-38, total SN-38 (A7R-bound form and unbound form) and free SN-38 (unbound form) in plasma declined gradually by 72 hours, whereas CPT-11 showed rapid clearance within 24 hours (Fig. [4f](#Fig4){ref-type="fig"}). A high concentration of both total and free SN-38 in tumor tissue after treatment with A7R-ADC-SN-38 was observed compared with CPT-11 (Fig. [4g](#Fig4){ref-type="fig"}). Collectively, these results demonstrate that A7R-ADC-SN-38 is a more potent anti-tumor drug than the SN-38 prodrug CPT-11.

A7R-ADC-SN-38 is effective against steroid-resistant CYG82 cells {#Sec7}
----------------------------------------------------------------

As steroid-resistance is a major problem in the treatment of malignant lymphoid cells^[@CR4],\ [@CR5],\ [@CR29]^, and we observed that CYG82 cells readily acquired steroid-resistance when treated with DEX, we next examined whether the acquisition of steroid-resistance was dependent on IL-7R signaling. Control CYG82 cells, but not IL-7R-KD cells, survived and exhibited regrowth under high-dose DEX treatment (Fig. [5a](#Fig5){ref-type="fig"}). We next compared the characteristics between parent and steroid-resistant (SR) CYG82 cells. SR CYG82 cells showed significantly higher IL-7R expression and significantly lower NR3C1 expression than parent CYG82 cells (Fig. [5b and c](#Fig5){ref-type="fig"}). Moreover, most SR CYG82 cells were positive for nuclear phospho-p65/NF-κB staining (Fig. [5d](#Fig5){ref-type="fig"}). By contrast, there were no differences in CD19 or BCL2 expression and phospho-STAT5 or phospho-AKT intensity between parent and SR CYG82 cells (Fig. [5e--h](#Fig5){ref-type="fig"}). Although DEX became less effective against SR CYG82 cells, SN-38, A7R-ADC-SN-38 and the NF-κB inhibitor caffeic acid phenethyl ester (CAPE)^[@CR35]^, were all effective against both parent and SR CYG82 cells *in vitro* (Fig. [5i--l](#Fig5){ref-type="fig"}). We next evaluated the anti-tumor effect of DEX (10 mg/kg), CAPE (20 mg/kg) and A7R-ADC-SN-38 (50 mg/kg; equivalent to a 0.6 mg/kg dose of SN-38) in SR CYG82 tumors. DEX treatment exhibited a weak but significant ability to reduce the SR CYG82 tumor volume compared to saline, though CAPE treatment had no effect (Fig. [5m](#Fig5){ref-type="fig"}). By contrast, A7R-ADC-SN-38 treatment had a significantly stronger anti-tumor effect than all other treatments, resulting in a tumor volume 0.18-fold lower than in mice treated with DEX at day 12 (Fig. [5m](#Fig5){ref-type="fig"}). Thus, A7R-ADC-SN-38 showed potent anti-tumor effects against steroid-resistant lymphoid malignancy.Figure 5A7R-ADC-SN-38 is effective against the IL-7R-up-regulated CYG82 tumor model with steroid-resistance. (**a**) Cell growth kinetics were examined in IL-7R-KD and control (CTR) cells incubated with high-dose (10 or 100 nM) DEX for 2 weeks. Each bar represents n = 3; mean ± SD. \*\*\*P \< 0.001. (**b** and **c**). Quantitative RT-PCR results of IL-7R (**b**) or NR3C1 (**c**) expression were evaluated between parent and steroid-resistant (SR) CYG82 cells. Each bar represents n = 3; mean ± SD. \*P \< 0.05, \*\*\*P \< 0.001. (**d**) NF-κB (red) and DAPI (nucleus, blue) immunostaining was compared between parent and SR CYG82 cells. Scale bar, 10 μm. (**e** and **f**). CD19 (**e**) or BCL2 (**f**) expression, as measured by quantitative RT-PCR, was evaluated between parent and SR CYG82 cells. Each bar represents the mean ± SD (n = 3). (**g** and **h**) g and h. STAT5 (**g**) or AKT (**h**) phosphorylation was evaluated between parent and SR CYG82 cells using flow cytometry with an anti-phospho-STAT5 (αP-STAT5) or anti-phospho-AKT (αP-AKT) antibody. (**i**--**l**) i--l. IC~50~ values of DEX (**i**), SN-38 (**j**), A7R-ADC-SN-38 (**k**) or the NF-κB inhibitor CAPE (**l**) of parent and SR CYG82 cells were examined. Each bar represents the mean ± SD (n = 3). \*P \< 0.05 (**m**) Anti-tumor activities were examined in animals injected with SR CYG82 cells, with saline as a control. The NF-κB inhibitor CAPE at 20 mg/kg, DEX at 10 mg/kg or A7R-SN-38 at 0.6 mg/kg as equivalent to a dose of SN-38 was administered to the mice (n = 5) through intravenous bolus injections on days 0, 4, and 8. The curves illustrate the effects of the treatments on tumor size. P \< 0.01 (saline vs. DEX), P \< 0.001 (A7R-SN-38 vs. saline, CAPE or DEX). Bar = SD.

We also examined the relationship between IL-7R expression and steroid-resistance in clinical samples by using data from a publicly available database ([www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39339](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39339), GSE32962, or <http://www.embl-ebi.ac.uk/arrayexpress/experiments/E-MEXP-3916>). In the analysis of GSE39339, GSE32962 and E-MEXP-3916, IL-7R expression associated with steroid treatment or resistance was significantly increased or sustained relative to that of B- or T-cell markers including CD19, CD22 or CD3e (Supplementary Fig. [1](#MOESM1){ref-type="media"}). Collectively, these data suggest that enhanced IL-7R expression may be a good indicator of steroid-resistant lymphoid malignancies and that A7R-ADC might provide an effective means to treat such tumors *in vivo*.

Physiological and pathological steroid-resistant IL-7R-positive lymphocytes can be eliminated by A7R-ADC {#Sec8}
--------------------------------------------------------------------------------------------------------

Although low expression of IL-7R was detected in testis and female gonad without lymphoid cells (i.e., healthy tissues) in the analysis of a publicly available database (<http://pax-db.org/>), expression was much lower than that of HER2 or EGFR (Supplementary Table [1](#MOESM1){ref-type="media"}). Therefore, we predicted that the frequency of harmful events caused by A7R-ADC would be low in comparison to anti-HER2 or EGFR-ADC. On the other hand, It has also been reported that congenital mutation of the human IL-7R gene causes severe immunodeficiency^[@CR36]^. Therefore, immunosuppression is a major issue that may limit the clinical application of IL-7R-ADC. We thus evaluated the immunosuppressive effect of A7R-ADC-SN-38 capable of targeting IL-7R-positive normal mouse cells *in vivo* as compared with DEX (10 or 40 mg/kg as the maximum tolerated dose). Although IL-7R-positive cells were substantially eliminated by A7R-ADC-SN-38 treatment, B220-positive IgM-positive mature B cells and single CD4-positive or CD8-positive T cells were conserved. We also examined the expression of the common γ chain, a critical subunit that is common to the receptor complexes for the interleukin receptors of IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, and CRLF2, which forms a heterodimer receptor with IL-7R for TSLP. As the number of cells that were negative for IL-7R and positive for the common γ chain or CRLF2 increased, we concluded that other IL-7R-independent immune-related cytokine signals were left intact by A7R-ADC-SN-38 treatment. By contrast, we observed that the number of IL-7R-positive bone marrow B cells increased 1.5--1.7-fold in response to treatment with high-dose DEX. In addition, although IL-7R-positive thymus T cells showed a 0.1- or 0.3-fold decrease, the majority (66--93%) of IL-7R-positive splenic T cells survived under the same treatment. Conversely, treatment with A7R-ADC-SN-38 suppressed all IL-7R-positive B and T lymphocytes in the thymus, bone marrow and spleen (Fig. [6a](#Fig6){ref-type="fig"}, Supplementary Fig. [2](#MOESM1){ref-type="media"}).Figure 6A7R-ADC eliminates steroid-resistant IL-7R-positive lymphocytes in physiological bone marrow and spleen or autoimmune arthritis. (**a**) Changes in cell numbers in response to A7R-ADC-SN-38 treatment (0.6 mg/kg as an equivalent SN-38 dose) or high-dose DEX (10 or 40 mg/kg) at 7 days after injection. Each bar represents the mean ± SD (n = 3). (**b**) Drug design of anti-IL-7R ADC with MMAE. MMAE was conjugated to an anti-IL-7R monoclonal antibody (A7R) via a Val-Cit linker. (**c**) Kinetics of arthritis scores in mice with collagen antibody-induced arthritis (CAIA) were evaluated using saline as a control, the TNF inhibitor etanercept (ETA, 30 mg/kg), DEX (10 mg/kg), free MMAE (0.6 mg/kg), control ADC with MMAE (CTR-MMAE, 30 mg/kg) or A7R-ADC-MMAE (A7R-MMAE, 30 mg/kg, both ADCs; 0.6 mg/kg as an equivalent MMAE dose) (n = 5). P \< 0.01 (saline vs. ETA; A7R-MMAE vs. CTR-MMAE; DEX vs. CTR-MMAE), P \<  0.001 (saline vs. DEX or A7R-MMAE; A7R-MMAE vs. ETA or free-MMAE; DEX vs. ETA or free-MMAE). Bar = SD. (**d**) Comparison of joint histology in mice with CAIA treated with saline, DEX and A7R-MMAE. H.E., hematoxylin and eosin staining. (**e**) Immunohistochemical staining of IL-7R in the inflammation site of CAIA compared with that in mice treated with saline, DEX and A7R-MMAE. Top, IL-7R-positive cells (green); bottom, optical image.

As A7R-ADC treatment appeared to eliminate IL-7R-positive cells strongly and specifically, we hypothesized that A7R-ADC might have distinctive immunosuppressive activity that could be effective against various autoimmune diseases, particularly in steroid-resistant conditions. We chose to focus on rheumatoid arthritis (RA), as IL-7R-positive lymphocytes have been implicated in the pathogenesis of this disease^[@CR26],\ [@CR37],\ [@CR38]^, and verified that IL-7R was highly expressed in the inflammation sites of RA patients by analyzing clinical data from a public database ([www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE1919](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE1919), GSE55457, Supplementary Fig. [3](#MOESM1){ref-type="media"}). We then examined the effectiveness of A7R-ADC-SN-38 compared with A7R or DEX treatment. SN-38 conjugated with an anti-CD19 antibody (anti-CD19-ADC-SN-38) was also used as a control. A7R-ADC-SN-38 showed a significant anti-inflammatory effect and decreased arthritis score of 6.0 relative to the scores of 11.0, 9.8, and 8.5 obtained after treatment with saline, A7R and ACD19-ADC-SN-38, respectively (Supplementary Fig. [4](#MOESM1){ref-type="media"}).

Although the anti-inflammatory effect of A7R-ADC-SN-38 was weaker than that of DEX treatment, we observed that the forelimbs of some DEX-treated mice showed strong inflammation, representing sites of uncontrolled inflammation. Therefore, we hypothesized that steroid-resistant IL-7R-positive cells may maintain inflammation at these sites. To target these remaining cells, we developed an alternative IL-7R-targeting ADC for the treatment of steroid-resistant arthritis using monomethyl auristatin E (MMAE)^[@CR39],\ [@CR40]^ as a payload due to its more potent cytotoxicity compared to that of SN-38. MMAE was conjugated to A7R (A7R-ADC-MMAE) via a valine-citrulline linker^[@CR39],\ [@CR40]^ (Fig. [6b](#Fig6){ref-type="fig"}). As expected, A7R-ADC-MMAE treatment resulted in a decrease in the arthritis score to 3.2 compared to the score of 4.2 observed after DEX treatment, but the difference was not significant (Fig. [6c](#Fig6){ref-type="fig"}). More importantly, A7R-ADC-MMAE significantly suppressed inflammation in both the fore and hind legs (Fig. [6d](#Fig6){ref-type="fig"}), unlike A7R-ADC-SN-38. Immunohistochemical staining revealed a clear increase in IL-7R^high^-positive cells at uncontrolled inflammation sites in mice treated with DEX compared to those treated with saline. However, only a few IL-7R-positive cells were observed in mice treated with A7R-ADC-MMAE (Fig. [6e](#Fig6){ref-type="fig"}), demonstrating that A7R-ADC effectively counteracted both steroid-sensitive and steroid-resistant cell types in this model of arthritis.

Discussion {#Sec9}
==========

The present study indicated that unique IL-7R signaling causes steroid-resistance in lymphoid malignancy. Moreover, it was suggested that ligand independency or autoactivation of downstream molecules abrogates the neutralizing effect of A7R monotherapy, which is a potential drawback to the mAb approach. We also observed the presence of steroid-resistant IL-7R-positive cells physiologically in mouse bone marrow and spleen or pathologically in the inflammation site of a mouse model of autoimmune arthritis. To overcome this steroid-resistance, we have developed A7R-ADC for the treatment of these diseases. Delivered and released potent cytotoxic agents could efficiently eliminate the IL-7R-positive steroid-resistant malignant lymphoid or autoimmune-reactive cells.

In the first part of this study, we observed that IL-7R expression in both malignant lymphoid cells and metastatic solid tumor cells increased cell growth and survival activity and was associated with tumor aggressiveness. Interestingly, a marked difference was observed between these cell types, in that IL-7R signaling influenced steroid sensitivity only in malignant lymphoid cells and not in metastatic solid tumor cells. Although nuclear phospho-p63/NF-κB was inhibited in all IL-7R-KD cells, we considered the NF-κB pathway to be associated with tumor growth rather than steroid-resistance. On the other hand, the association of NR3C1, BCL2, JAK/STAT and PI3K/AKT with steroid-resistance^[@CR5],\ [@CR6]^ did not sufficiently explain the difference between these cell types.

Previously, several authors reported high expression of IL-7R on tumor cells^[@CR18],\ [@CR41],\ [@CR42]^. Among them, Nakase indicated that IL-7R was widely expressed with more than 2000 sites/cell, similar to other cytokine receptor such as IL-3R, IL-2R, KIT, and FLT3^[@CR41]^. In this study, an as yet uncharacterized pathway downstream of IL-7R signaling may contribute to steroid-resistance specific to lymphoid malignancies. Indeed, IL-7R signaling was necessary for CYG82 cells to acquire steroid-resistance, and steroid-resistant CYG82 cells showed higher IL-7R expression than did parental CYG82 cells. An analysis of clinical data^[@CR29],\ [@CR43],\ [@CR44]^ further supported this association between IL-7R and steroid-resistance, with increased IL-7R expression in cells correlating with either steroid treatment or steroid-resistance. Furthermore, the expression levels of CD19, CD22 and CD3e, standard markers of lymphoid malignancies, were decreased or unchanged by steroid treatment or resistance (Supplementary Fig. [1](#MOESM1){ref-type="media"}). Clinical trials with anti-CD19-ADC-monomethyl auristatin F (MMAF) and anti-CD22-ADC-calicheamicin are currently underway. They are expected to be used to treat relapsed B lymphoid malignancy that occurs after the cyclophosphamide, vincristine, adriamycin and dexamethasone (hyper-CVAD) regimen or as a first-line treatment in combination with hyper-CVAD^[@CR45]^. Although an anti-CD3e antibody has been used as a bispecific antibody to activate cytotoxic T cells, very few ADCs have been developed for the treatment of T lymphoid malignancy^[@CR46],\ [@CR47]^. In any case, it is necessary to overcome steroid-resistance to elevate the response rate. Therefore, in these clinical situations, IL-7R targeting may be more advantageous than that of CD19, CD22 or CD3e.

Potential drawbacks to the clinical application of A7R-ADC therapy include off-target toxicities and severe immunosuppression^[@CR36]^. However, regarding the former possibility, we confirmed that the numbers of moderately and highly IL-7R-positive lymphoid cells were limited. Moreover, A7R-ADC did not cause significant weight loss in a preclinical setting. Regarding the latter possibility, we confirmed that in mature B220-positive IgM-positive B cells and single CD4-positive or CD8-positive T cells survived IL-7R-ADC treatment in mice. Moreover, IL-7R knockout mice are healthy, fertile and immune responsive in a normal breeding environment^[@CR13],\ [@CR14],\ [@CR48],\ [@CR49]^. These observations imply that the host defense response is maintained even after the complete elimination of IL-7R-positive cells, minimizing the infection risk. Therefore, over a limited period of time, immunosuppression by A7R-ADC would be well tolerated clinically. Recently, it has been reported that IL-7R--positive innate lymphoid cells (ILCs) play significant roles in host immunity and inflammation, especially in gut mucosal homeostasis^[@CR50]--[@CR53]^. Although significant digestive disorders such as diarrhea or bloody stool were not observed in this study, further investigation is needed to elucidate the influence of A7R-ADC on ILCs in other preclinical settings, including some immune or inflammatory disease models.

Homeostatic proliferation of T lymphocytes is regulated by two independent processes, thymic function and postthymic peripheral function. Steroid treatment suppresses the former more strongly than the latter^[@CR54]^. Spleen B lymphocytes are also more susceptible to steroid-induced apoptosis compared with bone marrow B lymphocytes^[@CR55]^. Thus, although the main biological activity of steroids is the suppression of T and B lymphopoiesis, heterogeneous subpopulation-specific reactions can be observed. In the present study, we also observed that IL-7R-positive bone marrow B cells and splenic T cells survived under high-dose steroid treatment *in vivo*. Moreover, IL-7R-positive lymphocytes have been implicated in the pathogenesis of autoimmune diseases^[@CR8],\ [@CR22]--[@CR24],\ [@CR26],\ [@CR37],\ [@CR38]^, and these cells survived and maintained inflammation in our mouse arthritis model under steroid treatment. Steroid-induced up-regulation of IL-7R expression has been shown to contribute to enhanced survival and function of T cells *in vitro* ^[@CR56],\ [@CR57]^. Therefore, the potent steroid-resistance of IL-7R-positive cells might be a common feature of both normal conditions and the pathological conditions of lymphoid malignancy and autoimmune disease. This suggests that targeting these cells through A7R-ADC treatment might also provide a novel therapeutic approach in such situations. Interestingly, it has been demonstrated that patients with autoimmune diseases have an increased risk of developing lymphoid malignancies^[@CR58]^. Steroid-induced enhancement of IL-7R signaling may contribute to this pathogenesis. Conversely, the development of autoimmune diseases can be observed in some patients following immune checkpoint blockade^[@CR2]^. Strong and specific elimination of enhanced IL-7R-positive cells, as a common pathogenesis of both lymphoid malignancy and autoimmune disease, might prevent the development of malignancy or autoimmune disease in high-risk patients. Therefore, A7R-ADC may be useful in the treatment of these patients.

A7R-ADC-SN-38 had a stronger anti-inflammatory effect than A7R monotherapy or anti-CD19 ADC with SN-38 treatment in the mouse autoimmune arthritis model. However, this effect was insufficient to suppress the observed inflammation. Clinically, MMAE exhibited much stronger cytotoxicity than did SN-38, which was used as a payload in ADC. As expected, A7R-ADC-MMAE showed a strong anti-inflammatory effect in the mouse arthritis model. These results indicate that the cytotoxicity and immunosuppression of A7R-ADC could be modulated to address the individual types or activities of the malignancies or autoimmune diseases with an appropriate payload. Exatecan, being 10-fold more potent than SN-38^[@CR59]^, and the potent anti-inflammatory drug JAK inhibitor^[@CR60]^ might be suitable payloads of A7R-ADC in the future.

In conclusion, we confirmed the relationship between enhanced IL-7R signaling, tumor aggressiveness and steroid-resistance in lymphoid malignancies. Moreover, enhanced IL-7R signaling also contributed to cell survival in response to steroid treatment under both physiological immune conditions and pathological autoimmune conditions. Cytotoxic agents delivered by A7R can efficiently eliminate these steroid-resistant cells, even if they have ligand-independent or autoactivated IL-7R signaling. Unlike neutralizing mAbs or other ADCs, strong or specific elimination of the malignant or autoimmune-reactive cells by A7R-ADC could restore the host immune homeostasis that was disrupted by increased abnormal IL-7R-positive cells^[@CR21]^. Thus, A7R-ADC may be a promising strategy to treat malignancies and autoimmune diseases and may serve as a novel alternative to steroid therapy. We have begun evaluating the effectiveness of A7R-ADC in the treatment of other autoimmune or inflammatory diseases involving IL-7R signaling in a preclinical setting for general use. IL-7R-positive metastatic solid tumors may also be promising therapeutic targets of A7R-ADC, which should be clarified by further investigations. Finally, we are planning to advance A7R-ADC to clinical study.

Methods {#Sec10}
=======

Mouse models {#Sec11}
------------

The study was approved by the Committees for Animal Experimentation of the National Cancer Center. All experimental protocols and animal procedures were performed in compliance with the Guidelines for the Care and Use of Experimental Animals established by the Committee for Experimental Animals of the National Cancer Center. These guidelines meet the ethical standards required by law and comply with the guidelines for the use of experimental animals in Japan.

Female BALB/c nude mice (5 weeks old) were purchased from SLC Japan (Shizuoka, Japan) or Charles River Laboratories Japan Inc. (Yokohama, Japan). The mice were subcutaneously inoculated in their flanks with 5 × 10^6^ SupT1, Nalm6 or H2009 cells in 50 μl of Opti-MEM I (Life Technologies) and 50 μl of Growth Factor Reduced Matrigel Matrix (BD Biosciences) or 2 × 10^6^ parental or steroid-resistant CYG82 cells in 100 μl of PBS. The length (L) and width (W) of each tumor mass were measured every four or two days, and the tumor volume was calculated according to the formula (L × W^2^)/2. When the mean CYG82 tumor volume reached approximately 50 mm^3^, the mice were randomly divided into groups of 5 mice. Before the randomization, some mice with too large or small tumors were excluded. Anti-IL-7R or isotype control ADC (50 mg/kg; equivalent to an SN-38 dose of 0.6 mg/kg), anti-IL-7R antibody (50 mg/kg as an equivalent antibody dose), CPT-11 (20 mg/kg; equivalent to an SN-38 dose of 11.6 mg/kg), DEX (10 mg/kg) or saline was administered on days 0, 4, and 8 through tail vein injection. CAPE (20 mg/kg) was administered on days 0, 4, and 8 through intraperitoneal injection.

For the evaluation of axillary LN infiltration, 5 × 10^5^ CYG82 cells were inoculated into the right front food pad. The LNs were excised on day 16 after the inoculation, and the size was measured as described as above.

A CAIA mouse model was used as previously reported^[@CR34]^. Briefly, female DBA/1J mice (6 weeks old, Charles River Laboratories Japan Inc.) were used. Anti-collagen 2 antibodies (Chondrex, Redmond, WA, USA) were intraperitoneally administered on day 0 at 2 mg, and 50 μg of LPS (Chondrex) was intraperitoneally injected on day 3. Before start of the treatment, the mice were randomly divided into groups of 5 mice. No mice were excluded from the experiments. Anti-IL-7R or control ADC (30 mg/kg; equivalent to an MMAE dose of 0.6 mg/kg), free MMAE (0.6 mg/kg), anti-IL-7R antibody (30 mg/kg), DEX (10 mg/kg), ETA (30 mg/kg) or saline was intraperitoneally administered on day 5. The arthritis score was calculated according to the manufacturer\'s instructions (maximum score per mouse = 16).

The investigators were not blinded for experiments. Sample sizes with sufficient statistic powers were carefully chosen based on estimates from pilot examinations and for appropriate assumption of normality. No statistical methods were used to predetermine sample size, but variance between comparison groups was verified to be similar.

Cells, antibodies and reagents {#Sec12}
------------------------------

The human T cell lymphoblast lymphoma cell line SUP-T1, human metastatic lung cancer cell lines H2009 and H358, human metastatic pharyngeal carcinoma cell line Detroit 562, human metastatic prostate cancer cell line PC-3, and human urinary bladder cancer cell line TCCSUP were purchased from the American Type Culture Collection (Rockville, MD, USA). The human acute lymphoblastic leukemia cell line NALM6, the human metastatic pancreatic cancer cell line PK45H and the lung cancer cell line LC-2/ad were obtained from the Cell Bank RIKEN BioResource Center (Ibaraki, Japan). Original cell lines were newly-obtained from the cell banks and used for this study. The mouse B cell leukemia cell line CYG82 and IL-7-dependent mouse pro-B cell line RAG2−/− were established as previously reported^[@CR30]--[@CR32],\ [@CR61]^. Cells with IL-7R gene expression KD and control cells were established according to a previously reported protocol^[@CR62]^. Briefly, a shRNA lentiviral expression vector targeted to human IL-7R for SUP-T1, NALM6, H2009 or PK45H cells; mouse IL-7R for CYG82 cells; or GFP as a control for SUPT1, NALM6 or CYG82 cells; or a non-specific shRNA lentiviral expression vector for H2009 or PK45H cells was used according to the manufacturer\'s instructions (Sigma-Aldrich Co., St. Louis, MO, USA). Mycoplasma contamination was checked by using Venor GeM Classic (Minerva Biolabs GmbH, Berlin, Germany).

The anti-mouse IL-7R monoclonal antibody (clone A7R34) and isotype control (rat IgG2a) was prepared as previously reported^[@CR12],\ [@CR30],\ [@CR63]^. A7R34 is also commercially available (eBioscience, San Diego, CA, USA; BioLegend San Diego, CA, USA; TONBO Biosciences, San Diego, CA, USA; BD Biosciences, Franklin Lakes, NJ, USA; Abcam, Cambridge, UK; Bio-XCell, West Lebanon, NH, USA) and has been widely used in both *in vitro* and *in vivo* study^[@CR53],\ [@CR64]--[@CR66]^. The anti-mouse CD19 monoclonal antibody (clone 1D3) was purchased from Bio-XCell. Both A7R34 and 1D3 antibody showed the same standard usage of 0.5--1μg pre 10^6^ cells as an indicator of binding activity in the flow cytometric analysis. SN-38 (Tokyo Chemical Industry Co., Tokyo, Japan) and MMAE (Medchem Express, NJ, USA) were used for the ADC. CPT-11 (irinotecan, Yakult, Tokyo, Japan), DEX (Aspen Japan KK, Tokyo, Japan), TNF-antagonist etanercept (ETA) (Pfizer, New York, NY USA) or CAPE (Selleckchem.com, Houston, TX, USA) were used in the *in vitro* and *in vivo* experiments.

Antibody-drug conjugates (ADCs) {#Sec13}
-------------------------------

ADCs were produced as previously reported^[@CR33],\ [@CR34],\ [@CR63]^. Briefly, the linker and the drug were composed of a maleimide as a connector to the mAb, Mal‐PEG~12~‐OSu (Quanta Biodesign, San Diego, CA, USA or IRIS Biotech GMBH, Marktredwitz, German) to increase polarity, and a carbamate bond or a valine‐citrulline (Val‐Cit) dipeptide to trigger cleavage by intracellular proteases. A para-amino benzyl carbamate (PABC) was used as a self-immolative spacer to efficiently release MMAE. SN-38 and MMAE were dissolved in dimethyl sulfoxide (10 mM) and stored at −80 °C. The ADCs were produced after reducing the inter-chain disulfide bonds. The DAR of the ADCs was 4--6, as determined by the colorimetric measurement of thiol groups in biological samples using Ellman's reagent (DTNB).

The kinetics of the release of SN-38 from A7R-SN-38 or CPT-11 was investigated as previously reported^[@CR33],\ [@CR34]^. The samples were analyzed by high-performance liquid chromatography (HPLC) using an Alliance Waters 2795 system (Waters, Milford, MA, USA).

Flow cytometric analysis {#Sec14}
------------------------

Flow cytometric analysis was performed as previously described^[@CR62],\ [@CR67]^. Alexa Fluor-647 was conjugated to each antibody according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA) as previously described^[@CR34]^. Fluorescent antibody to CD3 (17A2, BioLegend San Diego, CA, USA; or TONBO Biosciences, San Diego, CA, USA), CD4 (GK1.5, eBioscience, San Diego, CA, USA; or BioLegend), CD8 (53--6.7, BioLegend or TONBO), CD127 (SB/199 or eBioRDR5, eBioscience; or R34-R34, TONBO), B220 (RA3--6B2, BioLegend or TONBO), IgM (RMM-1, BioLegend), common-γ (TUGm2, BioLegend) and CRLF2 (FAB5461P, R&D Systems, Minneapolis, MN, USA) were used for cell staining. To detect phospho-STAT5 and phospho-AKT, anti-phospho-STAT5 antibody (SRBCZX, eBioscience) and anti-phospho-AKT antibody (SDRNR, eBioscience) was used respectively. The stained cells were analyzed using a Guava easyCyte 10HT (Merck Millipore Co., Darmstadt, Germany) or Aria flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Dead cells, which were stained using propidium iodide (PI) (Thermo Fisher), were excluded from the analysis. The data were analyzed using the FlowJo program (Tree Star, Ashland, OR, USA).

Real-time quantitative RT-PCR {#Sec15}
-----------------------------

RNA extraction and RT-qPCR were conducted as previously described^[@CR62]^. Briefly, the PCR reaction consisted of 10 µl TaqMan Fast Universal PCR Master Mix (Thermo Fisher Scientific), 1 µl TaqMan primers/probe mixture (Thermo Fisher Scientific) and 9 µl diluted template cDNA in a total volume of 20 µl. Real-time PCR was performed on an Applied Biosystems 7500 Fast System (Thermo Fisher Scientific). The relative quantification of the total RNA in each sample was conducted using the comparative Ct (threshold cycle) method. The relative expression of each gene was normalized against human GAPDH or mouse β-actin expression. All experiments consisted of at least three biological replicates and were independently performed at least two times.

*In vivo* imaging and immunohistochemistry {#Sec16}
------------------------------------------

*In vivo* imaging and immunostaining were performed as previously described^[@CR33],\ [@CR34]^. Briefly, *in vivo* or *ex vivo* fluorescence imaging was performed using an OV110 small animal imaging system (Olympus Corp., Tokyo, Japan). An Alexa-647-labeled anti-mouse IL-7R antibody (clone A7R34) or isotype control (rat IgG2a) was added to cultured cells or administered to mice. Lysotracker Red DND-99 (Thermo Fisher Scientific) was used to visualize lysosomes *in vitro*. For immunohistochemistry, the samples were incubated with an anti-IL-7R polyclonal antibody (LS-B2830/LS-C331370, LS Bio, Seattle, WA), phospho-p65/NF-κB antibody (ab86299, Abcam) or Alexa-488/555/647-labeled anti-mouse/rat/rabbit IgG (Thermo Fisher Scientific). The nuclei were visualized using DAPI (Thermo Fisher Scientific). CPT-11 has autofluorescence within the UV spectrum. Images were obtained using an LSM 710 laser scanning microscopic system (Carl Zeiss, Oberkochen, Germany) or a BZ-9000 digital high-definition microscopic system (Keyence Co., Osaka, Japan).

*In vitro* cell cytotoxicity assay {#Sec17}
----------------------------------

The cytotoxicity of the cells treated with each drug for 72 hours was evaluated using a WST-8 assay (Cell Counting Kit-8, Dojindo, Kumamoto, Japan). The reaction signals were evaluated by measuring the absorbance at 450 nm using a microplate reader (SpectraMax 190, Molecular Devices Corp., Sunnyvale, CA, USA). All experiments consisted of at least three biological replicates and were independently performed at least three times.

Gene expression analysis {#Sec18}
------------------------

Gene expression in cell lines was examined using the online databases Oncomine and Gene Expression Omnibus (GEO) and real-time quantitative RT-PCR as described above.

For the clinical analysis of raw data, CEL files of relevant datasets (GEO; GSE39339, GSE32962, GSE1919, GSE55457, Array Express; E-MEXP-3916) were downloaded. The data were normalized using the RMA procedure as previously reported^[@CR62]^. Probe identification and annotation were conducted by using NetAffx, EMBL-EBI, GEO and PubMed databases^[@CR67]^.

Tissue specific expression of protein {#Sec19}
-------------------------------------

Protein expression levels of IL-7R, CD19, CD22, CD3e, HER2 and EGFR across tissues were obtained from the PaxDB^[@CR68]^.

Statistical analysis {#Sec20}
--------------------

Significant differences between groups were determined using Student's t-test (Figs [1b and f](#Fig1){ref-type="fig"}; [2a--c](#Fig2){ref-type="fig"}; [4c and e](#Fig4){ref-type="fig"}; [5b,c,e,f,i--l](#Fig5){ref-type="fig"}) or ANOVA (Figs [1c,d](#Fig1){ref-type="fig"}, [4a,b](#Fig4){ref-type="fig"}, [5a,m](#Fig5){ref-type="fig"}, and [6c](#Fig6){ref-type="fig"}). All analyses were performed using SPSS software version 20 (IBM, Armonk, NY, USA).

Data availability {#Sec21}
-----------------

The data that supports the findings of this study are available from the corresponding author upon reasonable request. Gene expression data can be found at GEO (<https://www.ncbi.nlm.nih.gov/geo/>; GSE39339, GSE32962, GSE1919 or GSE55457), Array Express (<https://www.ebi.ac.uk/arrayexpress>; E-MEXP-3916) or PaxDB (<http://pax-db.org/>; IL-7R, CD19, CD22, CD3e, HER2, EGFR of H. sapiens).
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